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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The rolling contact fatigue (RCF) tests were performed on a high-strength steel by a newly developed compact rolling contact 
fatigue test machine, and the formation and propagation of cracks were observed by the synchrotron radiation computed 
laminography (SRCL). An increase in the sulfur concentration, i.e., increase in inclusion length, resulted in an increase in the 
variation of flaking life, and materials with horizontal inclusion showed large variation compared to those with vertical inclusion 
although average flaking lives are almost identical. In the flaking process, cracks, those were perpendicular to the rolling surface 
and rolling direction, first formed from an inclusion that was adjacent to the rolling surface. Then, the crack propagated in the 
depth direction.  After the ver ical crack propagat d to a critical dept , a horizontal crack formed, whose face was parallel to the 
rolling surface. Finally, the horizontal crack propagated to form flaking. 
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
In rolling contact fatigue (RCF), cracks usually initiate from inclusions beneath the surface, and they propagate to 
form flaking (Murakami, et. al. 1988, Goshima, et. al. 1988).  Since nonmetallic inclusions are known to have a 
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detrimental effect on the fatigue strength of high-strength steels, concentration and size of inclusions should be 
controlled.  In particulars, in bearing steels, inclusions have complex shapes and are often lined up, thus forming so-
called stringers, and the effects of the shape and orientation of inclusions on RCF should be taken into account.  The 
crack initiation and propagation in RCF occur beneath the surface, where phenomena occurring cannot be observed 
using conventional microscopes, such as optical and scanning electron microscopes.  The inspection of fracture surface 
is also difficult because the flaking area is usually damaged by the rolling ball after its emergency.  Therefore, the 
effect of the configuration of inclusions has not yet been systematically investigated.  
To discuss the mechanism of RCF crack initiation under the contact surface, Grabulov et al. (2007) investigated 
crack initiation around inclusions by a dual-beam (scanning electron microscopy (SEM)/focused ion beam (FIB)) 
technique.  Since this method is destructive, the crack propagation behavior is difficult to observe. Synchrotron 
radiation micro computed tomography imaging (SRCT) has also been applied for non-destructive observation 
(Gondrom et al., 1999).  Stiénon et al. (2009, 2010) calculated the stress field around non-metallic inclusions in bearing 
steels in RCF tests using 3D shapes obtained by SRCT, which was conducted at the European Synchrotron Radiation 
Facility (ESRF).  Shiozawa et al. (2012) and Makino et al. (2014) used SRCT imaging for the observation of samples 
with flaking damage and RCF cracks.  In these studies, samples were cut from normal size RCF specimens so that 
they included damaged areas, and the 3D imaging of damage before flaking provided useful information about the 
RCF crack initiation and propagation processes.  To investigate the effect of the shape of inclusions on crack initiation, 
artificial defects that simulate stringer-shaped inclusions were introduced in the specimens, and the crack initiation 
and propagation from the artificial defects were observed.  For successive SRCT imaging of the RCF process, samples 
must be sufficiently small to allow the transmission of X-rays, and the crosssection must be smaller than 500 μm × 
500 μm.  Shiozawa et al. (2014) showed that the mechanism of RCF in a small sample is different from that in a bulk 
sample.  Nakai et al. (2014, 2015) used SRCL, which allows the high-resolution, non-destructive imaging of thin 
plates, to successive observations of flaking process in RCF.  In the present study, the effect of inclusion size and 
orientation on RCF fatigue crack initiation and propagation are discussed based on the observations using SRCL.
2. Material and experimental procedure
2.1. Material, specimen, and RCF test
The material used in the present study was a bearing steel (modified JIS SUJ2), whose chemical composition (in 
mass %) was 1.00C, 0.35Si, 0.47Mn, 0.006P, 0.020S/0.049S, 1.50Cr, and balance Fe.  The material has intentionally 
contains a high concentration of sulfur to enable the observation of crack initiation from MnS inclusions.  The material 
was forged from an ingot with 65 mm diameter, and its inclusions were intergranular with a preferential alignment 
along the forging direction. After spheroidizing annealing, specimens with width of 10 mm, length of 24 mm and 
thickness of 1 mm were cut from the forged bar, where the transverse and longitudinal crosssections of bars are 
corresponded to the contact surface of the specimen.  The longitudinal direction of inclusions (forging direction) were 
either perpendicular or parallel to the specimen surface, and they were named vertical and horizontal inclusions, here.  
For the specimen with the horizontal inclusions, rolling direction was selected to be perpendicular to the longitudinal 
direction of inclusions.  Before tests, specimens were quenched at 1103 K for 0.5 h and tempered at 453 K for 2 h.
The developed testing machine was a ball-on-disk-type contact tester ( Nakai et al., 2014, 2015), where reciprocal 
sliding motion was generated.  Ceramic balls with 6.0 mm diameter and a Young's modulus of 300 GPa were employed 
as contact balls, where the slide distance of the balls was 3.0 mm.  RCF tests were interrupted to conduct SRCL 
imaging to observe the crack initiation and propagation behaviors. In the present paper, results for maximum Hertz 
stress, pmax, of 5.39 GPa are discussed.
2.2. SRCL measurement setup
The SRCL imaging was carried out at the BL46XU beam line of synchrotron radiation facility, named SPring-8
(Super Photon Ring 8 GeV).    The inclination angle of the axis in the SRCL was 30°, and a 37 keV monochromatic 
X-ray beam was employed.  In the present study, the effective voxel size in the reconstructed of 3D image was 0.74 
μm.  For the 3D reconstruction, a set of 720 radiographs of a specimen were recorded during 360° rotation, i.e., in 
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increments of 0.5°.  The exposure time was 4 s for the each radiograph.  To 
utilize the phase contrast effect, an X-ray area detector was set 0.30 m 
behind the sample.  For the 3D representation of inclusions and cracks, a 
region-growing procedure (Adams et al., 1994) was employed to segment 
them, where a gray value threshold between the matrix and air was 
employed to produce binarized 3D images.
3. Experimental results
3.1. Fatigue life
Since the flaking life had a significant variation, cumulative fracture 
probability, F(Nf), is shown Figure 1.  An increase in the sulfur 
concentration resulted in an increase in the variation of flaking life, and 
specimens with horizontal inclusion showed large variation compared to 
those with vertical inclusion although average flaking lives (Nf at F(Nf) = 
50%) are almost identical.  It has been reported that the fatigue strength is 
not affected by the cleanliness (concentration of inclusions) of specimens 
Murakami, et al. 1988).  The size of inclusions, however, affects the fatigue 
life, i.e., larger inclusions reduce the fatigue strength (Uhrus, 1970).  For 
the present material, an increase in the sulfur concentration increased the 
number of large inclusions. 
3.2. Specimen with sulfur concentration of 0.020 mass% (Vertical)
Figure 2 shows an optical micrograph of crack initiation site in specimen 
with a sulfur concentration of 0.020 mass% with vertical inclusions after N =
1.10×107 cycles (shortly after the appearance of cracks at the rolling surface).  
It indicates that small cracks of length approximately 40 μm formed from an 
inclusion and propagated perpendicular to the ball-rolling 
direction.  After the formation of the crack at the surface, 
successive observations by SRCL and RCF tests were 
conducted.  Then, flaking was found to occur  at Nf =1.295×107
cycles around the site where the surface crack first appeared as 
shown in Figure 3.  
3D images of inclusions and cracks observed by SRCL at N
= 1.10×107 cycles, 1.168×107 and 1.295×107 cycles are 
shown in Figure 4, where (A) is a top view, (B) is a side view of 
the specimen, and (C) is the view from the rolling direction, 
Where inclusions are indicated in orange.  In (a) and (b), the 
shape of crack after N = 1.10×107 cycles is shown in red, and the 
extension of the crack from N = 1.10×107 cycles to 1.168×107
cycles is shown in white.  As shown in the figure, the surface 
crack in Figure 2 appears to form from a cylindrical inclusion 
with a length of about 30 μm, that reaches the surface, and the 
crack face is perpendicular to the rolling direction.  At N = 1.10×107 cycles, the vertical crack had propagated further 
than the depth of the starter inclusion.  Slight growth of the crack in the depth direction was observed at N = 1.168×107
cycles.  The shape of the flaking at Nf = 1.295×107 cycles is indicated in purple in Figure 4 (c).  It can be concluded 
that the flaking formed around the site where the vertical crack was observed.  The shape at the surface obtained by 
SRCL is similar to that obtained by optical microscopy as shown in Figure 3.  Since the depth of the flaking is almost 
the same as that of the vertical crack, the formation of the vertical crack must have affected the formation of the flaking
Figure 2: Optical micrograph of 
surface (N = 1.00×107 cycles).
(a) Flaking (b) Enlarged view of flaking
Figure 3: SEM micrograph of surface at 
flaking (Nf = 1.295×107 cycles).
200 mµ 50µ
Rolling direction
Crack
Rolling direction
Figure 1: Fracture probability.
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detrimental effect on the fatigue strength of high-strength steels, concentration and size of inclusions should be 
controlled.  In particulars, in bearing steels, inclusions have complex shapes and are often lined up, thus forming so-
called stringers, and the effects of the shape and orientation of inclusions on RCF should be taken into account.  The 
crack initiation and propagation in RCF occur beneath the surface, where phenomena occurring cannot be observed 
using conventional microscopes, such as optical and scanning electron microscopes.  The inspection of fracture surface 
is also difficult because the flaking area is usually damaged by the rolling ball after its emergency.  Therefore, the 
effect of the configuration of inclusions has not yet been systematically investigated.  
To discuss the mechanism of RCF crack initiation under the contact surface, Grabulov et al. (2007) investigated 
crack initiation around inclusions by a dual-beam (scanning electron microscopy (SEM)/focused ion beam (FIB)) 
technique.  Since this method is destructive, the crack propagation behavior is difficult to observe. Synchrotron 
radiation micro computed tomography imaging (SRCT) has also been applied for non-destructive observation 
(Gondrom et al., 1999).  Stiénon et al. (2009, 2010) calculated the stress field around non-metallic inclusions in bearing 
steels in RCF tests using 3D shapes obtained by SRCT, which was conducted at the European Synchrotron Radiation 
Facility (ESRF).  Shiozawa et al. (2012) and Makino et al. (2014) used SRCT imaging for the observation of samples 
with flaking damage and RCF cracks.  In these studies, samples were cut from normal size RCF specimens so that 
they included damaged areas, and the 3D imaging of damage before flaking provided useful information about the 
RCF crack initiation and propagation processes.  To investigate the effect of the shape of inclusions on crack initiation, 
artificial defects that simulate stringer-shaped inclusions were introduced in the specimens, and the crack initiation 
and propagation from the artificial defects were observed.  For successive SRCT imaging of the RCF process, samples 
must be sufficiently small to allow the transmission of X-rays, and the crosssection must be smaller than 500 μm × 
500 μm.  Shiozawa et al. (2014) showed that the mechanism of RCF in a small sample is different from that in a bulk 
sample.  Nakai et al. (2014, 2015) used SRCL, which allows the high-resolution, non-destructive imaging of thin 
plates, to successive observations of flaking process in RCF.  In the present study, the effect of inclusion size and 
orientation on RCF fatigue crack initiation and propagation are discussed based on the observations using SRCL.
2. Material and experimental procedure
2.1. Material, specimen, and RCF test
The material used in the present study was a bearing steel (modified JIS SUJ2), whose chemical composition (in 
mass %) was 1.00C, 0.35Si, 0.47Mn, 0.006P, 0.020S/0.049S, 1.50Cr, and balance Fe.  The material has intentionally 
contains a high concentration of sulfur to enable the observation of crack initiation from MnS inclusions.  The material 
was forged from an ingot with 65 mm diameter, and its inclusions were intergranular with a preferential alignment 
along the forging direction. After spheroidizing annealing, specimens with width of 10 mm, length of 24 mm and 
thickness of 1 mm were cut from the forged bar, where the transverse and longitudinal crosssections of bars are 
corresponded to the contact surface of the specimen.  The longitudinal direction of inclusions (forging direction) were 
either perpendicular or parallel to the specimen surface, and they were named vertical and horizontal inclusions, here.  
For the specimen with the horizontal inclusions, rolling direction was selected to be perpendicular to the longitudinal 
direction of inclusions.  Before tests, specimens were quenched at 1103 K for 0.5 h and tempered at 453 K for 2 h.
The developed testing machine was a ball-on-disk-type contact tester ( Nakai et al., 2014, 2015), where reciprocal 
sliding motion was generated.  Ceramic balls with 6.0 mm diameter and a Young's modulus of 300 GPa were employed 
as contact balls, where the slide distance of the balls was 3.0 mm.  RCF tests were interrupted to conduct SRCL 
imaging to observe the crack initiation and propagation behaviors. In the present paper, results for maximum Hertz 
stress, pmax, of 5.39 GPa are discussed.
2.2. SRCL measurement setup
The SRCL imaging was carried out at the BL46XU beam line of synchrotron radiation facility, named SPring-8
(Super Photon Ring 8 GeV).    The inclination angle of the axis in the SRCL was 30°, and a 37 keV monochromatic 
X-ray beam was employed.  In the present study, the effective voxel size in the reconstructed of 3D image was 0.74 
μm.  For the 3D reconstruction, a set of 720 radiographs of a specimen were recorded during 360° rotation, i.e., in 
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although part of the vertical crack remained at the bottom of the flaking as can be seen 
in Figure 3 (b).
3.3. Specimen with sulfur concentration of 0.049 mass%
(a) Material with vertical inclusions
Figure 5 shows a surface image of a crack initiation site of specimen with vertical 
inclusions (N = 6.00×106 cycles, shortly after crack initiation at the surface).  Small 
cracks, those are almost perpendicular to the ball-rolling direction, can be observed.  
After the initiation of the crack at the surface, observation by SRCL was conducted.  
Flaking was found to occur at N =7.67×106 cycles at the site where the surface crack 
was observed as shown in Figure 6.
3D images of inclusions and cracks observed by SRCL at 
N = 6.00×106 cycles, 6.80×106 cycles, 7.10×106 cycles, 
7.50×106 cycles, and 7.67×106 cycles are shown in Figure 7, 
where (A) is a top view, (B) is a side view of the specimen, 
and (C) is the view from the rolling direction.  In these figures, 
red, black, blue, green, and purple indicate crack at N =
6.00×106 cycles, 6.80×106 cycles, 7.10×106 cycles, 7.50×106
cycles, and 7.67×106 cycles, respectively.  It can be seen from 
these figures that the inclusions, indicated in orange are longer 
than those in Figure 6.  As shown in Figure 7, a vertical crack 
formed from a cylindrical inclusion with a length of about 60 
μm that reaches the surface, and the crack face is perpendicular 
to the rolling direction.  At N = 6.80×106 cycles, the vertical 
crack propagated to the deepest point of the starter inclusion 
without propagation along the surface.  At N = 7.10×106
cycles, a horizontal crack, which was parallel to the rolling 
contact surface, formed at a depth of 35 μm from the surface.  From N = 7.10×106 to 7.50×106 cycles, the vertical 
crack propagated in the width direction under the surface, and the horizontal crack propagated in both the width and 
rolling directions.
Another horizontal crack was also formed from the same inclusion.  Its formation site was shallower than that of 
(a) N = 1.00×107 cycles (b) N = 1.68×107 cycles (c) N = 1.295×107 cycles
Figure 4: 3D-images of crack and inclusion (0.020S mass%, vertical inclusion).
Figure 5: SEM micrograph 
of surface crack.
(a) Flaking                    (b) Enlarged view of (a)
Figure 6: SEM micrograph of surface at flaking
(Nf = 7.67×106 cycles).
Rolling direction Rolling direction
Crack
200 mµ 50 mµ
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the displayed vertical crack, but unfortunately it 
could not be shown in the same figure.  Such 
horizontal cracks were also previously observed in 
a specimen with an artificial hole, which simulated 
an inclusion (Makino et al., 2014).
At N = 7.67×106 cycles, flaking occurred as a 
result of the propagation of the horizontal crack.  
The shape of the flaking was similar to that 
observed on the surface by SEM as shown in 
Figure 6.  
(b) Material with horizontal inclusions
Figure 8 shows a surface image of a crack 
initiation site of specimen with horizontal inclusions (N = 2.50×106 cycles, shortly after crack initiation at the surface).  
Small cracks, those are almost perpendicular to the ball-rolling direction, can be observed.
3D images of inclusions and cracks observed by SRCL at N = 2.50×106 cycles, 2.75×106 and 3.00×106 cycles 
are shown in Figure 9, where (A) is a top view, (B) is a side view of the specimen, and (C) is the view from the rolling 
(a) Ni = 2.50×106 cycles     (b) N = 3.13×106 cycles
Figure 8: SEM micrograph of surface crack and flaking.
(a) N = 6.00×106 cycles (b) N = 6.80×106 cycles (c) N = 7.10×106 cycles
    
(d) N = 7.50×106 cycles (b) Nf = 7.67×106 cycles
Figure 7: 3D-images of cracks and inclusions (0.049S mass%, vertical inclusion).
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although part of the vertical crack remained at the bottom of the flaking as can be seen 
in Figure 3 (b).
3.3. Specimen with sulfur concentration of 0.049 mass%
(a) Material with vertical inclusions
Figure 5 shows a surface image of a crack initiation site of specimen with vertical 
inclusions (N = 6.00×106 cycles, shortly after crack initiation at the surface).  Small 
cracks, those are almost perpendicular to the ball-rolling direction, can be observed.  
After the initiation of the crack at the surface, observation by SRCL was conducted.  
Flaking was found to occur at N =7.67×106 cycles at the site where the surface crack 
was observed as shown in Figure 6.
3D images of inclusions and cracks observed by SRCL at 
N = 6.00×106 cycles, 6.80×106 cycles, 7.10×106 cycles, 
7.50×106 cycles, and 7.67×106 cycles are shown in Figure 7, 
where (A) is a top view, (B) is a side view of the specimen, 
and (C) is the view from the rolling direction.  In these figures, 
red, black, blue, green, and purple indicate crack at N =
6.00×106 cycles, 6.80×106 cycles, 7.10×106 cycles, 7.50×106
cycles, and 7.67×106 cycles, respectively.  It can be seen from 
these figures that the inclusions, indicated in orange are longer 
than those in Figure 6.  As shown in Figure 7, a vertical crack 
formed from a cylindrical inclusion with a length of about 60 
μm that reaches the surface, and the crack face is perpendicular 
to the rolling direction.  At N = 6.80×106 cycles, the vertical 
crack propagated to the deepest point of the starter inclusion 
without propagation along the surface.  At N = 7.10×106
cycles, a horizontal crack, which was parallel to the rolling 
contact surface, formed at a depth of 35 μm from the surface.  From N = 7.10×106 to 7.50×106 cycles, the vertical 
crack propagated in the width direction under the surface, and the horizontal crack propagated in both the width and 
rolling directions.
Another horizontal crack was also formed from the same inclusion.  Its formation site was shallower than that of 
(a) N = 1.00×107 cycles (b) N = 1.68×107 cycles (c) N = 1.295×107 cycles
Figure 4: 3D-images of crack and inclusion (0.020S mass%, vertical inclusion).
Figure 5: SEM micrograph 
of surface crack.
(a) Flaking                    (b) Enlarged view of (a)
Figure 6: SEM micrograph of surface at flaking
(Nf = 7.67×106 cycles).
Rolling direction Rolling direction
Crack
200 mµ 50 mµ
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direction, where inclusions are indicated in orange.  The shape of crack 
after N = 2.50×106 cycles is shown in red, that at N = 2.75×106 cycles is 
shown in blue, and that at 3.00×106 cycles is shown in green, where the 
shape of crack shown in Figure 8 is indicated by black line in Fig. 9 
(a)(A).  The vertical crack initiated from an inclusion and propagated to
the depth direction about 50 μm.  In 2-2’ section, horizontal crack, which 
is parallel to the contact surface, is initiated at a depth about 35 μm
(Figure 10 (b)). After a parallel crack propagated to the rolling direction 
at (b) N = 2.75×106 cycles, this crack propagated to the center of rolling 
track at (c) N = 3.00×106 cycles, and led to the flaking at Nf = 3.13×106
cycles (Figure 8 (b)). Other observation also showed that a horizontal 
crack was initiated after a vertical crack propagated to the depth 
direction.
Since several cracks were initiated on the rolling track, and they
showed different growth behavior, shape and sizes of inclusions in the 
whole rolling track was observed by laminography before conducting RCF 
tests. The results are indicated in Figure 11, where inclusions from which 
flaking occurred are indicated by adding * . It indicates that the flaking 
occurred from inclusions with both of length and thickness are large enough.
4. Discussion
In either material, vertical crack first formed, and after it reached a 
critical depth, horizontal crack initiated from the vertical crack.  The 
specimen with a sulfur concentration of 0.020 mass% with vertical 
inclusions, a vertical crack formed from an inclusion whose length in the 
thickness direction was 30 μm, and a horizontal crack was formed after the 
vertical crack reached a length of 50 to 60 μm, which was similar to the 
initiation condition of the horizontal crack in the specimen with a sulfur 
concentration of 0.049 mass% with vertical inclusions.  The initiation condition of horizontal crack in materials with 
horizontal inclusions was also similar to that of materials with a sulfur concentration of 0.020 mass% with vertical 
inclusions.  In either case, the deepest point of inclusions are shallower than the horizontal crack initiation site, and 
(a) 1-1’ section
(b) 2-2’ section
Figure 10: 2D-images of Figure 9 (a)
Figure 11: Relationship between 
thickness and length in inclusion.
(a) Ni = 2.50×106 cycles (b) N = 2.75×106 cycles (c) N = 3.00×106 cycles
Figure 9: 3D-image and cross sectional image of crack and inclusion.
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the horizontal crack initiate after the vertical 
crack propagate some distance from the deepest 
point of inclusions.  SEM observation of the 
surface showed that the depth of flaking was 
from 20 to 40 μm in both specimens, which is 
similar to the depth of the horizontal crack.  The 
depth where the shear stress had the maximum 
value was 67 μm, meaning that the site of 
horizontal crack formation was not coincident 
with the position of maximum shear stress although the formation and propagation of horizontal crack are controlled 
by shear stress.  The existence of a vertical crack may thus change the shear stress distribution.
The flaking process in RCF observed in the present study is summarized in Figure 12.  (1) A crack that is 
perpendicular to the rolling surface and rolling direction forms from an inclusion that is adjacent to the rolling surface. 
(2) The crack propagates vertically in the depth (thickness) direction under normal stress.  (3) After the vertical crack 
propagates to a critical depth, a horizontal crack forms, which is parallel to the rolling surface.  (4) The horizontal
crack propagates under shear stress to form flaking. 
 In the previously proposed mechanism of RCF, only a horizontal crack was considered in the discussion of the 
RCF process.  In the present study, however, the formation of the horizontal crack is induced by a vertical crack that 
forms before the horizontal crack formation.  The formation of the vertical crack is affected by the size and orientation 
of inclusions, those are determined by the sulfur concentration and heat treatment. 
Lives for vertical crack initiation, horizontal crack initiation, and flaking lives of 0.049S mass% material are 
summarized in Table 1.  Although the variation of initiation lives of vertical and horizontal cracks, flaking life, and 
propagation life of vertical crack, Ni,H - Ni,V, are large, the variation of propagation life of horizontal crack, Nf - Ni,H, 
is small.   Then, the effect of inclusion orientation on flaking life, shown in Figure 1 should be come from the effect 
of inclusion orientation on vertical crack initiation and propagation along inclusion.
 Table 1. Fatigue lives of 0.049S mass% material (Ni,V: 
Vertical crack initiation, Ni,H: Horizontal crack initiation, Nf: 
Flaking).
Material Ni,V Ni,H Nf Ni,H - Ni,V Nf - Ni,H
Vertical
inclusion
6.00×106 6.80×106 7.67×106 0.80×106 0.87×106
7.50×106 8.80×106 9.65×106 1.30×106 0.85×106
Horizontal
inclusion
2.50×106 2.50×106 3.13×106 0.00×106 0.63×106
1.00×106 2.00×106 2.95×106 1.00×106 0.95×106
(a) Short vertical inclusion (Low concentration of S).
(b) Long vertical inclusion (High concentration of S).
(c) Horizontal inclusion
Figure 12: Models of flaking mechanism from extended inclusion. 
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direction, where inclusions are indicated in orange.  The shape of crack 
after N = 2.50×106 cycles is shown in red, that at N = 2.75×106 cycles is 
shown in blue, and that at 3.00×106 cycles is shown in green, where the 
shape of crack shown in Figure 8 is indicated by black line in Fig. 9 
(a)(A).  The vertical crack initiated from an inclusion and propagated to
the depth direction about 50 μm.  In 2-2’ section, horizontal crack, which 
is parallel to the contact surface, is initiated at a depth about 35 μm
(Figure 10 (b)). After a parallel crack propagated to the rolling direction 
at (b) N = 2.75×106 cycles, this crack propagated to the center of rolling 
track at (c) N = 3.00×106 cycles, and led to the flaking at Nf = 3.13×106
cycles (Figure 8 (b)). Other observation also showed that a horizontal 
crack was initiated after a vertical crack propagated to the depth 
direction.
Since several cracks were initiated on the rolling track, and they
showed different growth behavior, shape and sizes of inclusions in the 
whole rolling track was observed by laminography before conducting RCF 
tests. The results are indicated in Figure 11, where inclusions from which 
flaking occurred are indicated by adding * . It indicates that the flaking 
occurred from inclusions with both of length and thickness are large enough.
4. Discussion
In either material, vertical crack first formed, and after it reached a 
critical depth, horizontal crack initiated from the vertical crack.  The 
specimen with a sulfur concentration of 0.020 mass% with vertical 
inclusions, a vertical crack formed from an inclusion whose length in the 
thickness direction was 30 μm, and a horizontal crack was formed after the 
vertical crack reached a length of 50 to 60 μm, which was similar to the 
initiation condition of the horizontal crack in the specimen with a sulfur 
concentration of 0.049 mass% with vertical inclusions.  The initiation condition of horizontal crack in materials with 
horizontal inclusions was also similar to that of materials with a sulfur concentration of 0.020 mass% with vertical 
inclusions.  In either case, the deepest point of inclusions are shallower than the horizontal crack initiation site, and 
(a) 1-1’ section
(b) 2-2’ section
Figure 10: 2D-images of Figure 9 (a)
Figure 11: Relationship between 
thickness and length in inclusion.
(a) Ni = 2.50×106 cycles (b) N = 2.75×106 cycles (c) N = 3.00×106 cycles
Figure 9: 3D-image and cross sectional image of crack and inclusion.
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5. Conclusions
In the present study, 4D observations of the formation and propagation of the rolling contact fatigue (RCF) tests 
were performed on a high-strength steel by combining a newly developed compact rolling contact fatigue test machine 
with synchrotron radiation computed laminography (SRCL), and the effects of inclusion size and orientation on the 
RCF process were examined.  The following results were obtained.
1. An increase in the sulfur concentration, i.e., an increase of inclusion length, resulted in an increase in the variation
of flaking life, and materials with horizontal inclusion showed large variation compared to those with vertical 
inclusion while the average flaking lives were almost identical.
2. The observations of flaking process showed as follows.  First, cracks those were perpendicular to the rolling surface 
and rolling direction forms from an inclusion that was adjacent to the rolling surface. Then the cracks propagated
vertically in the depth direction under normal stress.  After the vertical crack propagated to a critical depth, a 
horizontal crack formed, which was parallel to the rolling surface.  Finally, the horizontal crack propagated to form
flaking under shear stress.
3. Although the variation of initiation lives of vertical and horizontal cracks, and propagation life of vertical crack 
were large, the variation of propagation life of horizontal crack was minimal.   Then, the effect of inclusion size 
and orientation on flaking life should be responsible to the effect of these parameters on vertical crack initiation 
and propagation along inclusion.
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